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ABSTRACT

Effect of Gravity on Sheared Turbulence Laden

with Bubbles and Droplets

This report studies the dynamics of particle-laden turbulent flows. Specif-
ically, it addresses the effect of the turbulence on the concentration field and drift

velocity of spherical particles. The coupling between the particle accumulation and

the modification of the drift velocity is also investigated. Turbulent flows with and

without mean shear are analyzed and the effect of the turbulent length scales on

the behaviour of the particles is described. The effect of the density ratio between

the disperse and the continuous phase was considered in the two extreme cases of

water droplets in air (10) and air bubbles in water (10-).

Experiments were conducted with water droplets in a homogeneous isotropic
turbulent air flow, as well as with air bubbles in a turbulent water flow. To in-

vestigate the different effects introduced by mean shear, air bubbles were stud-

ied in both homogeneous isotropic turbulence and in a turbulent boundary layer.

Measurements of the velocity of the particles were obtained by LDV and DPIV

techniques. Instantaneous particle concentration maps were determined from flow
visualizations. The length scales present in the concentration field were compared

to the turbulence scales, in an effort to clarify the role of the different regions of

the turbulent spectrum in the accumulation of micro-particles.

In all cases, the particles were found to be strongly concentrated due to
the interaction with the turbulence. The characteristic length of the accumulation

of particles in homogeneous isotropic turbulence was found to be between 10 and

20 times the Kolmogorov micro-scale of the turbulence. In the turbulent boundary

layer, the instantaneous concentration field showed accumulation at a length scale

equal to 100 times the viscous scale of the boundary layer, corresponding to the

separation between the counter-rotating vortices that are responsible for ejections
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and sweeps in the turbulent boundary layer. The mean bubble concentration,

however, showed regions that scaled with the boundary layer thickness. The drift

velocity of the particles due to gravity was found to differ from the values predicted

in still fluid. This difference was found to depend on the turbulent intensity and

to scale with the particle Stokes number. The settling velocity of droplets was

increased by their interaction with the turbulent flow. The rise velocity of the

bubbles, on the other hand, was reduced by the turbulence. Only in the region

where the mean shear induces accumulation of the bubbles, their rise velocity is

enhanced over the value in still fluid.
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Chapter 1

Introduction

The study of turbulent multiphase flows has direct relevance in many

industrial and environmental processes. Those processes, including combustion

chambers and nuclear reactors, as well as cloud dynamics and gas exchange between

the ocean and the atmosphere, often involve a turbulent carrier flow and a dilute

concentration of the dispersed phase. In these situations, the behaviour of the

dispersed phase is greatly influenced by the characteristics of the turbulence. Thus,

a well controlled laboratory experiment can produce valuable information on the

effect of the underlying turbulence on the behaviour of very small particles with

densities either larger or smaller than the carrier fluid. From the results, the

different effects can be isolated and models built to help predict the incidence of

the various phenomena present in real-life applications. That way, knowledge of the

influence of the turbulence on the settling velocity and concentration of particles

can help improve current models for droplet combustion in jet engines or sediment

transport in river beds and coastal areas. Similarly, better knowledge of the rise

velocity of microbubbles in a turbulent flow can lead to improved understanding

of the mechanisms by which carbon dioxide is removed from the atmosphere by

the ocean, to mention just a few examples of possible applications.

The study of the interaction of turbulence with a dispersed phase has a

long and illustrious history, starting with the theory of turbulent dispersion by
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Taylor (1921). However, for many years such theories treated turbulence as a

random source for agitation of the particles. It was not until the past few decades

that the necessary tools made possible to study in detail the many intriguing

phenomena that characterize this type of flows.

In their seminal work, Snyder & Lumley (1971) found the decisive role

that the particle inertia and the crossing trajectories effect have on the velocity

autocorrelation of the particles. Wells & Stock (1983) tried to decouple the effect

of inertia from the crossing trajectories on the dispersion of particles by a turbulent

flow. These effects are coupled by the earth's gravitational field, but it was found
that, when isolated, particle inertia seemed to increase the dispersion coefficient.

Crossing trajectories effect, on the other hand, tend to decrease long time disper-

sion, although it is negligible when the settling velocity is smaller than the carrier

flow r.m.s., as predicted by Reeks (1977). The argument on which turbulence time

scale should be used to characterize particle inertia was already open at that time,
and despite the huge amounts of information produced since then, it still seems to

linger.

With the advent of Direct Numerical Simulation, Squires & Eaton (1991a)

and Elghobashi & Truesdell (1992), studied particle dispersion in homogeneous and

isotropic turbulence. The first simulation found qualitatively the same behaviour

found in the two experiments mentioned above, that is, that particle inertia in-

creases long time dispersion coefficients and that gravitational settling greatly re-

duces dispersion when it's larger than the r.m.s. velocity of the flow. The second
simulation provided quantitative comparison with the experiments. Even with ReA,

equal to one third the experimental one, the mean square displacement showed

good agreement with the experiments. The kind of detailed information provided

by the simulations allowed physical insight into the interaction mechanism to be

gained. Crossing trajectories was found to be associated with negative loops in the

velocity autocorrelation of the particles, largest for the heaviest particles, disper-

sion in the direction of gravity was shadowed by the settling, and, in the absence
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of gravity, long term dispersion coefficients of both particles and fluid elements

reached an asymptotic state, as predicted by Taylor (1921).

So far, the effect of gravitational settling on the interaction between par-

ticles and turbulence had been considered as a dispersion reducing factor. Using

the equation of motion for a rigid sphere in a nonuniform flow, Maxey & Riley

(1983), the influence of turbulence on the settling velocity could be studied. The

influence of a single vortex on the settling trajectory of a particle was analyti-

cally computed by Tio et al. (1993a). The interaction of a particle with a two

dimensional cellular flow, Maxey (1987b), was a first approach to the settling in

turbulence. The settling in random flows with a prescribed turbulence-like spec-

trum followed, Maxey (1987a), and finally the full Navier Stokes simulation and

the particle tracking could be run simultaneously, Wang & Maxey (1993a). They

found that heavy particles settling under gravity in a turbulent flow have a mean

velocity in the direction of gravity that is larger than the one they would have in

still fluid (predicted by Stokes flow, since the Reynolds number of the particles is

very small). They proposed the 'preferential sweeping mechanism' that explains

this effect in terms of the drift created by the particles inertia, coupled with the

crossing trajectories effect due to gravity. In short, when an inertial particle that

has a certain settling velocity encounters an eddy, it is more probable that it will

be swept to the downward side than to the upward side. Thus, drag is more likely

to increase than to reduce the settling velocity. A cartoon of this can be seen in

figure 1.1. When averaged over the history of one particle, lagrangian, or over the

instantaneous velocities of all particles in the flow, eulerian, the average vertical

velocity is found to be greater than the Stokes velocity.

Associated with this phenomenon is the preferential accumulation of in-

ertial particles in a turbulent flow. This anti-gradient diffusion effect consists in

the accumulation of particles in the high strain regions between the vortex cores.

Due to their larger density, particles drift outwards with respect to fluid elements

in their rotational trajectories around vortex cores. Thus, they are found prefer-



9

Figure 1.: Heavy particle interacting with a vortex pair.

entially in convergence regions, where vorticity is low. Despite the fact that the

vorticity structure in a turbulent flow is very complicated and it doesn't render

itself to such simple considerations, preferential accumulation by turbulence has

been observed both in numerical simulations and experiments in many different

types of flows. Crowe et al. (1988) reviewed different studies of preferential ac-

cumulation of particles in free shear flows. In these type of flows, diffusion is

controlled by the large scale coherent vortices. For homogeneous flows, Maxey &

Corrsin (1986) showed in their analysis that the divergence of the particle velocity

is positive in regions of high vorticity and negative in regions of high strain, and

called this tendency inertial bias. Squires & Eaton (1990, 1991a, 1991b) studied

preferential accumulation in homogeneous isotropic turbulence as well as in homo-

geneous sheared turbulence. They found very strong inhomogeneities in the con-

centration field, with peak concentrations up to 25 times the mean. Intermediate

Stokes number particles showed the strongest effects, as predicted by the analy-

sis. Regions of preferential accumulation were correlated with regions of negative

value of the second invariant of the deformation tensor. Wang & Maxey (1993a)

used Kolmogorov scaling for the Stokes number and found maximum accumula-

tion for Stokes number equal to one. They introduced a parameter to quantify the

deviation from randomness of the particles, D1 = E(P(c) - Paddm(C)) 2 . Fessler

et al. (1994) introduced a second parameter to quantify the difference between

the spatial distribution of particles in the flow and the one given by a random

process, D2 = 0'- Up//t. In their experiments, particles with different Stokes num-
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bers were introduced in a turbulent channel flow and images of the center plane

were analyzed to study preferential accumulation. Both parameters showed that

preferential accumulation occurs at length scales in the dissipation range (between

6-20 77).

The literature on bubbly turbulent flows is much more concise. In normal

situations like air bubbles in water, bubbles with Stokes number of order one do

not satisfy the conditions that the Reynolds number and the ratio of the diameter

to n7 are smaller than unity. Thus, the equation of motion is still a matter of

discrepancy. A recent review can be found in Magnaudet & Eames (2000).

The experimental studies of turbulent bubbly flows has been mostly car-

ried out with relatively large bubbles and volume fractions. Lance & Bataille

(1991) studied the turbulence characteristics of the continuous phase in an up-

wards flowing water channel, where turbulence was introduced both by a grid and

by ellipsoidal bubbles, with an equivalent diameter of 5 mm, approximately equal

to the Taylor microscale of the single phase flow. As the bubble void fraction was

increased from 0 to 5%, the flow transitioned from a regime where the hydrody-

namic interaction of the bubbles is negligible to one in which the bubbles transfer a

great amount of kinetic energy to the flow, modifying the one dimensional spectra

from the classical -5/3 power law to a -8/3 dependency. More recently, Panidis &

Papailiou (2000) revisited the problem of bubbles injected into an upward-moving,

grid-induced turbulent water flow. They focused on the bubble spatial distribution,

as well as on the effect of the bubbles on the underlying carrier flow turbulence.

They found a non uniform distribution of the bubbles, with a peak in the local void

fraction located approximately halfway between the channel wall and the center-

line. An associated peak in the streamwise velocity was also reported, presumably

induced by the stronger buoyancy of the bubbles at the location of the void frac-

tion peak. The reasons for the existence of these peaks, as well as their location

was not provided and several mechanism, such a lift due to the interaction with

the mean shear, Segre & Silberberg (1962), or preferential accumulation by large
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eddies, Rightley & Lasheras (2000), were suggested as possible. Because in these

experiments the bubbles were several millimeters in diameter and the volume frac-

tion was very high (- 5%), the effect of the carrier flow on the dynamics of the

bubbles was not satisfactorily analyzed. Moreover, because the mean flow was in

the same direction as gravity, the rise velocity was not considered.

Sridhax & Katz (1995) did experiments to determine the forces acting

on bubbles in the 500-800 pum range due to nonuniform flow. They found drag

coefficients that agreed well with steady state data and lift coefficients that did

not agree with existing theoretical or numerical models. In the course of their

experiments they measured the trajectory of a bubble entrained by a laminar vortex

and were able to reproduce it with calculations using the equation of motion from

Maxey & Riley (1983), with adequate coefficients. Rightley & Lasheras (2000)

studied the dispersion of microbubbles in a free shear layer. Using bubbles with

diameters smaller than 100 itm so that their rise velocity was negligible, they were

able to characterize the effect of the large coherent vortices present in a mixing

layer on the bubble dispersion. More recently Poorte & Biesheuvel (2002) have

reported experimental evidence of a decrease in the rise velocity of bubbles caused

by homogeneous isotropic turbulence, created by an active grid.

Numerical simulations of the interaction of bubbles with a vorticity field

have been carried out by Maxey and collaborators. Wang & Maxey (1993b) re-

ported preferential accumulation of bubbles in homogeneous isotropic turbulence.

In parallel with the simulations of the settling particles, they confirmed the intu-

ition that microbubbles would be subject to the same accumulation effect due to

turbulence, except because the density ratio is inverted, accumulation of bubbles

occur in regions of very high vorticity. It took several years, however, to report

the equivalent study for the rise velocity of the bubbles. Counter to what hap-

pens with the particles, bubbles have their rise velocity reduced by the turbulence.

Maxey et al. (1997) found this preferential accumulation to reduce the rise velocity

of the bubbles, due to the increased residence time of the bubbles in the downward
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Figure 1.2: Rising bubbles interacting with a vortex pair.

side of the eddies, where there is theoretical static equilibrium point Tio et al.

(1993b)). This is due to the fact that, instead to being driven by inertia to the

downward convergence zones between eddies, they axe driven to the eddies cores,

where pressure forces oppose the rising that would take them away from these

regions. A cartoon of this mechanism is drawn in figure 1.2. Spelt & Biesheuvel

(1997) and Maxey et al. (1997) found these effects in their simulations of homo-

geneous isotropic turbulence laden with bubbles. Direct Numerical Simulations of

bubbly turbulent flows have been performed by Druzhinin & Elghobashi (1998),

who found that preferential accumulation is not significant for very small bub-

bles in low Reynolds number homogeneous, isotropic, decaying turbulence. Under

these circumstances the effect of the bubbles is similar to stratification, enhanc-

ing the turbulence decay for stable stratification and delaying it in the unstable

case. Mazzitelli et al. (2003) recently reported the results of a DNS study of mi-

crobubbles in homogeneous isotropic turbulence. They focused the attention on

the effect of lift force and found that bubbles increase their residence time in the

downward side of the eddies, thus reducing the bubble mean rise velocity. Large

scale velocity fluctuations in the carrier fluid are inhibited by the buoyancy, while

energy is added at the small scales of the turbulence, resulting in a net reduction

of the turbulence decay rate.


